PD-1 Upregulated on Regulatory T Cells during Chronic
Sang-Jun Ha* Regulatory T (T reg ) cells act as terminators of T cell immuniy during acute phase of viral infection; however, their role and suppressive mechanism in chronic viral infection are not completely understood. In this study, we compared the phenotype and function of T reg cells during acute or chronic infection with lymphocytic choriomeningitis virus. Chronic infection, unlike acute infection, led to a large expansion of T reg cells and their upregulation of programmed death-1 (PD-1). T reg cells from chronically infected mice (chronic T reg cells) displayed greater suppressive capacity for inhibiting both CD8 + and CD4 + T cell proliferation and subsequent cytokine production than those from naive or acutely infected mice. A contact between T reg and CD8 + T cells was necessary for the potent suppression of CD8 + T cell immune response. More importantly, the suppression required cell-specific expression and interaction of PD-1 on chronic T reg cells and PD-1 ligand on CD8 + T cells. Our study defines PD-1 upregulated on T reg cells and its interaction with PD-1 ligand on effector T cells as one cause for the potent T cell suppression and proposes the role of PD-1 on T reg cells, in addition to that on exhausted T cells, during chronic viral infection. The Journal of Immunology, 2015, 194: 000-000.
I
nteractions between hosts and chronic pathogens led to the evolution of several immune suppressive strategies to ensure reduced immunopathology against the host and extended pathogen survival; such strategies disable the host's ability to effectively mediate pathogen clearance (1) (2) (3) . T cell exhaustion is considered the primary reason for failed immunological control of chronic pathogens, but other suppression mechanisms might exist, because the rejuvenation of exhausted T cells alone is not sufficient to terminate pathogen persistence (1) (2) (3) . A number of reports have suggested that regulatory T (T reg ) cells play a significant role in weakening T cell response against a variety of chronic pathogens, such as viral (4) , helminthic (5, 6) , and bacterial infections (7) (8) (9) . Moreover, T reg cells suppress antiviral T cell response against chronic viruses, as previously reviewed (10) . It was recently reported that depletion of T reg cells in the mice chronically infected with lymphocytic meningitis virus (LCMV) resulted in a significant expansion of functional LCMV-specific CD8 + T cells (11) , demonstrating the strong suppressive activity of T reg cells during chronic virus infection. However, the molecular mechanisms of T reg cell-mediated immune suppression during chronic pathogen infection are poorly understood.
In addition to CD25 and Foxp3, T reg cells express various surface molecules, such as CTLA-4, lymphocyte activation gene-3 (LAG-3), and programmed death-1 (PD-1), on the cell surface or in the intracellular region (2, 12, 13) . These molecules expressed by T reg cells might have profound effects on the suppressive function of T reg cells (14) (15) (16) (17) (18) . Some of the molecules expressed by T reg cells, such as CTLA-4, LAG-3, and PD-1, are also highly upregulated on exhausted T cells, and they mediate the inhibition of pathogen-specific T cell function (2, 3) . Among the various inhibitory receptors, PD-1 is a hallmark of exhausted T cells in chronic pathogen infection (2, 3, 14, 19) . Interaction between PD-1 and its ligand, PD-ligand 1 (PD-L1) (B7-H1), inhibits TCR signaling, causing the deterioration of T cell immune response against chronic viruses. T reg cells also upregulate PD-1 expression on their surfaces during chronic viral infection (20) . PD-1:PD-L1 interaction has a critical role in promoting the conversion of conventional T cells into T reg cells and maintaining them (21) (22) (23) . However, whether PD-1 expression by T reg cells during chronic infection is associated with the suppression of pathogen-specific T cell immune response remains unknown (24) (25) (26) .
To demonstrate whether and how PD-1 contributes to the suppression of T cell response during chronic viral infection, we investigated the function of PD-1 expressed on T reg cells using a mouse model infected with LCMV clone 13 (CL13), a wellcharacterized chronic viral infection model. We observed that the number of T reg cells increased during chronic LCMV infection and demonstrated that T reg cells isolated from chronically infected mice exhibited greater suppressive activity than T reg cells from uninfected or acutely infected mice. This suppressive activity was mediated by direct contact between T reg cells and CD8 + T cells. We also proved that high expression of PD-1 on T reg cells during chronic LCMV infection was essential for suppressing CD8 + T cell response by PD-1 interaction with PD-L1 on CD8 + T cells. Our findings implicate T reg cell expression of PD-1 as a therapeutic target for chronic viral infections, such as hepatitis B virus, hepatitis C virus (HCV), and HIV.
Materials and Methods

Ethics statement
All animal experiments were carried out in accordance with the Korean Food and Drug Administration guidelines. The protocol was approved by the International Animal Care and Use Committee of the Yonsei Laboratory Animal Research Center at Yonsei University (Permit 2013-0115).
Mice and infections
Five-to six-wk-old female C57BL/6 mice and B6.129S7 Rag1 2/2 mice were purchased from Charles River Laboratories and The Jackson Laboratory. Dr. Rafi Ahmed (Emory University School of Medicine), Dr. Doo Hyun Chung, and Dr. Inhak Choi provided the P14 Thy1.1 + , PD-1 2/2 , and PD-L1 2/2 mice, respectively. PD-1 2/2 and PD-L1 2/2 mice were originally generated by Dr. Tasuku Honjo (Kyoto University) (27) and Dr. Lieping Chen (28), respectively. All mice were maintained in a specific pathogenfree facility of the Yonsei Laboratory Animal Research Center of Yonsei University. For viral infections, mice received 2 3 10 5 PFU LCMV Arm and 2 3 10 6 PFU LCMV CL13 by i.p. and i.v. injection, respectively. LCMV titers were determined by plaque assays, as described previously (1).
Flow cytometry, Abs, and analysis of cytokine production Flow cytometry was performed using FACSCalibur, CANTOII, and LSRII (BD Biosciences). The data were analyzed using FlowJo software (Tree Star). Fluorescence-conjugated mAbs were purchased from the following sources: BD Biosciences, anti-CD4 (RM4-5), anti-TNF (MP6-XT22), anti-IFN-g (XMG1.2), anti-CD8 (53-6.7), and anti-CD90.1 (OX7); eBioscience, anti-CD25 (PC61.5), anti-CD44 (IM7), anti-CD103 (2E7), anti-CTLA-4 (UC1004B9), and anti-Foxp3 (FJK16s); BioLegend, anti-PD-1 (RMP1-30) and anti-glucocorticoid-induced TNFR-related protein (GITR) (YGITR765); R&D Systems, anti-T cell Ig-containing molecule-3 (TIM-3; 215008); and Invitrogen, anti-granzyme B (FGB12). H-2D b gp33-41 and H-2D b gp276-286 tetramers were prepared and used as previously described (29) . For T reg cell population staining, the cells that were immunoreactive with various Abs, except Foxp3, granzyme B, and CTLA-4 Abs, were fixed and permeabilized with Foxp3 fixation/permeabilization solution (eBioscience). Foxp3, granzyme B, or CTLA-4 Abs were administered after permeabilization for intracellular localization in T reg cells.
To detect intracellular cytokines, splenocytes were incubated with 0.2 mg/ml LCMV gp33-41 , gp276-286 , and gp66-80 peptides for 5 h in the presence of Golgi plug/Golgi stop (BD Biosciences). In a previous study, the peptide pool derived from LCMV proteins was used for in vitro stimulation (30) . CD107a-and CD107b-FITC Abs were added during in vitro stimulation to detect degranulation, as previously described (1) . IFN-g and TNF-a staining was performed using the BD Cytofix/Cytoperm Fixation/Permeabilization Kit (BD Biosciences). For the in vitro suppression assays, Golgi plug/Golgi stop were added into culture media for 6 h prior to intracellular cytokine staining of IFN-g or the supernatant was separated by centrifugation and quantified for cytokine production using the Mouse IFN-g Platinum ELISA (eBioscience) and BD Cytometric Bead Array Mouse Th1/Th2/Th17 CBA Kit (BD Biosciences).
Cell isolation
Lymphocytes were isolated from spleens, as previously described (14 + T cells and their activity to produce effector cytokines, IFN-g and TNF-a. Viral titers of Ab-treated mice were measured from the serum at the same day.
Statistical analysis
Statistical analysis was performed with two-tailed unpaired Student t tests using the Prism program (GraphPad Software).
Results
Altered T reg cell numbers and phenotype during chronic viral infection
To investigate the mechanism of T reg cell contribution to chronic viral infection, we compared the frequency of Foxp3 + T reg cells isolated from mice infected with the LCMV Armstrong (Arm) or CL13 strain, which are known to mediate acute and chronic infections, respectively (Fig. 1A) . Consistent with a previous report (20) , at 16 d p.i., the number of Foxp3 + T reg cells among CD4 + T cells was 2-to 3-fold higher in CL13-infected mice than in Arm-infected mice. This result was observed when serum virus levels were completely different after each infection (Fig. 1B) . The number of T reg cells dramatically increased above basal levels in CL13-infected mice compared with Arm-infected mice at 16 d p.i. The number of T reg cells in chronically infected mice progressively decreased, according to the reduction in serum virus titer (Fig. 1B) .
We next examined whether T reg cells from chronically infected mice (chronic T reg cells) simply increased in number or also upregulated their function compared with T reg cells from acutely infected mice (acute T reg cells). We profiled the gene expression patterns of chronic T reg and acute T reg cells isolated from the spleens of CL13-and Arm-infected mice, respectively, at 16 d p.i., when the numbers of T reg cells and their phenotypes were the most different between the group cells (Fig. 1C) . Overall, the relative expression levels for various surface molecules known to be expressed by T reg cells were not different between naive T reg cells and acute T reg cells (data not shown), but consistently higher in chronic T reg cells at 16 d p.i. than in either naive T reg cells or acute T reg cells. Compared with acute T reg cells, chronic T reg cells displayed high CD103 expression, which is considered a hallmark of activated T reg cells in vivo with stronger suppressive activity than steady-state T reg cells (31, 32) . The most striking result from the chronic T reg cell gene expression profile was the upregulation of the genes encoding T cell inhibitory receptors such as PD-1, TIM-3, CTLA-4, and LAG-3. The gene encoding GITR, a molecule expressed by T reg cells, was also upregulated in chronic T reg cells than in acute T reg cells. Protein levels for inhibitory receptors, including PD-1, TIM-3, CTLA-4, and GITR protein level, were higher in chronic T reg cells than in acute T reg cells at 16 d p.i. (Fig. 1D, Supplemental Fig. 1 ). The upregulation of PD-1 in chronic T reg cells was the most significant (∼3-fold) among the inhibitory receptors. Despite the microarray results, the protein level for LAG-3 was not different between chronic T reg and acute T reg cells (data not shown).
We also examined the expression of T reg cell effector functionrelated genes on chronic T reg cells (Supplemental Fig. 2A, 2B) . Coincident with the upregulation of T reg cell surface marker genes (Fig. 1C) , the genes associated with T reg cell effector function, such as IL-10 and EBV-induced protein 3, which is a subunit of IL-35 (33) , were upregulated in chronic T reg cells compared with naive T reg cells. We also observed higher expression of the genes encoding B lymphocyte-induced maturation protein-1 (34) and E4 promoter-binding protein 4 (35) , which are transcription factors involved in IL-10 expression, in chronic T reg cells than in naive T reg cells. In addition, the upregulation of genes encoding cytolytic proteins responding to T reg cell-killing activity (36, 37) was also observed in chronic T reg cells. Especially, IL-10 and granzyme B mRNA expressions were .10-fold higher in chronic T reg (Fig. 2B) . When analyzing the combination of these surface molecules, the coexpression of PD-1 and TIM-3 or CTLA-4 and GITR was observed much more frequently in CD103 + chronic T reg cells than in CD103 2 chronic T reg cells (∼45 and ∼15%, respectively) ( Fig. 2A) . Interestingly, CD103 + T reg cells generated after chronic virus infection had significantly higher expression levels of inhibitory receptors and GITR than CD103 + T reg cells present in naive mice or CD103 + T reg cells generated after acute virus infection (Fig. 2C, 2D ), suggesting that a similar subset of T reg cells is further differentiated upon chronic virus infection.
Enhanced suppressive activity of chronic T reg cells
Because the chronic T reg phenotype differed significantly from naive T reg and acute T reg cells at 16 d p.i., we questioned whether the ability of chronic T reg cells to suppress CD8 + T cell proliferation was also changed. We found that chronic T reg cells isolated 16 d p.i. could inhibit much more strongly CD8 + T cell proliferation than acute T reg cells isolated at the same time point or naive T reg cells (Fig. 3A, 3B ). Potent chronic T reg cell-mediated suppression seemed to be strongly dependent on the timing of infection, because chronic T reg cells isolated 30 d p.i. did not show strong suppressive activity, similarly to naive T reg or acute T reg cells (Fig. 3A, 3B) . The enhanced suppressive capacity of chronic T reg cells at 16 d p.i. was confirmed by the reduction in IFN-g production (Fig. 3C ). In addition, coculture with chronic T reg cells showed a dramatically low frequency of IFN-g-producing CD8 + T cells than that with naive or acute T reg cells, confirming the strong suppression of CD8 + T cell response by chronic T reg cells (data not shown). Moreover, strong suppressive activity displayed by chronic T reg cells was dependent on T reg cell numbers that were cocultured (Fig. 3D, 3E ). Similar to the result of chronic T reg cellmediated potent suppression of CD8 + T cell response, chronic T reg cells also inhibited more strongly CD4 + T cell proliferation and IFN-g production than naive T reg or acute T reg cells (Supplemental Fig. 3A-C) . This chronic T reg cell-mediated potent suppression of 
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+ T cell response was also observed in T reg cell numberdependent manner (Supplemental Fig. 3D, 3E) . The number of live T reg cells was higher in the naive T reg or acute T reg cell culture than in the chronic T reg cell culture in the presence of aCD3/ CD28-coated beads, excluding the possibility that the suppres- The Journal of Immunologycells showed greater capability to inhibit proliferation of donor Thy1.1 + CD8 + T cells than did naive T reg and acute T reg cells (Fig.  3F, 3G ). These data demonstrate that chronic T reg cells isolated at 16 d p.i. exhibit strong suppressive capability per cell.
Next, we investigated whether chronic T reg cells can inhibit Agspecific CD8 + T cells. Chronic T reg cells inhibited more efficiently a recent proliferation of LCMV-specific P14 CD8 + T cells and IFN-g production than naive or acute T reg cells under the optimal condition to stimulate P14 CD8 + T cells (Fig. 3H, 3I ). Taken together, this result indicates that the potent suppressive activity of chronic T reg cells is independent of the specificity of TCR expressed by proliferating CD8 + T cells. However, because most of the CD8 + T cells proliferating during chronic viral infection are specific to the particular virus, the T reg cells expanded during the infection may primarily inhibit the proliferation of LCMV-specific CD8 + T cells.
PD-1 expressed by chronic T reg cells is necessary for their potent suppressive function
We addressed whether cell contact is a requirement for suppression. Suppression of T cell proliferation and reduction of IFN-g production by chronic T reg cells were not observed in the presence of the Transwell membrane ( Fig. 4A-C) , indicating that suppression of CD8 + T cell proliferation by chronic T reg cells requires physical contact between each cell population. Next, we questioned whether the inhibitory receptors upregulated by chronic T reg cells can contribute to the suppressive activity of chronic T reg cells. As the upregulation of PD-1 in chronic T reg cells was more significant than the other inhibitory receptors (Fig. 1D) , we investigated the effect of PD-1 on chronic T reg cells. Selective blockade of PD-1 on chronic T reg cells, but not on CD8 + T cells, was performed by the incubation of the PD-1 Ab with chronic T reg cells in vitro, followed by removal of unbound Ab before coculture of the chronic T reg cells with CD8 + T cells. PD-1-blocked chronic T reg cells showed a significantly decreased suppressive activity in the proliferation of CD8 + T cells and their IFN-g production compared with isotype Ab-treated chronic T reg cells (Fig. 4D-F) . However, selective blockade of PD-L1 on chronic T reg cells did not show any effect on their suppressive function. These results indicate that the expression of PD-1, but not of PD-L1, in chronic T reg cells is critical for their potent suppressive capability.
Chronic T reg cell-mediated suppression requires PD-L1 expressed by CD8 + T cells
Next, we performed a suppression assay using wild-type (WT) T reg cells from CL13-infected mice and CD8 + T cells from PD-L1 (Fig. 6) . Coculture of PD-L1 2/2 T reg cells and PD-1 2/2 CD8 + T cells inhibits more efficiently both CD8 + T cell proliferation and IFN-g production in a T reg cell dosedependent manner than coculture of PD-1 2/2 T reg cells and PD-L1 2/2 CD8 + T cells (Fig. 6) . Coculture of PD-1 2/2 T reg cells and PD-L1 2/2 CD8 + T cells slightly inhibited CD8 + T cell proliferation and limited IFN-g production in the presence of high numbers of PD-1 2/2 T reg cells, which might have been caused by triggering PD-1 signaling in CD8 + T cells to inhibit TCR signaling, as previously reported (38) . This result indicates that the interaction between PD-1 on T reg cells and PD-L1 on CD8 + T cells is more important for the suppression of CD8 + T cell immune response by T reg cells than that between PD-L1 on T reg cells and PD-1 on CD8 + T cells.
Enhanced restoration of exhausted CD8 + T cell function by depletion of chronic T reg cells
Considering that PD-1 signaling conferred suppressive function in chronic T reg cells, the depletion of chronic T reg cells during chronic virus infection would enhance antiviral T cell immune response and decrease viremia. To test this, CL13-infected mice were treated with CD25 Ab at 16 T reg cells were still observed (data not shown). Nonetheless, partial depletion of chronic T reg cells substantially increased the numbers of LCMV gp33-or gp276-specific CD8 + T cells (Supplemental Fig. 4A ) and also enhanced the ability of CD8 + and CD4 + T cells to secrete effector cytokines, IFN-g and TNF-a (Supplemental Fig. 4B) . Accordingly, viral titer in the serum slightly decreased in the CD25 Ab-treated mice compared with isotype Ab-treated mice (Supplemental Fig. 4C ). This result indicates that in vivo depletion of chronic T reg cells could lead to a partial recovery of antiviral T cell immune response and a slight reduction in viremia.
Discussion
In the current study, we identified the primary phenotypic and functional changes in T reg cells during chronic infections in mice and defined the role of PD-1 expressed by those cells. Although T reg cell-mediated suppression of antiviral T cells during chronic virus infection has been reported (4, 11, 39, 40) , the underlying mechanism has not been intensively investigated. We found that either PD-1 blockade on chronic T reg cells or PD-L1 deficiency on CD8 + T cells dramatically diminished the suppression of T cell CD8 + T cells, suppressed CD8 + T cell immune response. Our report details a critical role of PD-1:PD-L1 interaction between T reg cells and effector T cells as the mechanism by which T reg cells generated during chronic virus infection display a superior suppressive activity. In summary, our study defines PD-1 upregulated on T reg cells as a prerequisite for T reg cell-mediated potent suppression of T cell immune response.
Our observation that the immunosuppressive potency of chronic T reg cells dynamically changed with regard to frequency, phenotype, and function, depending on the status of chronic LCMV infection (Fig. 3A-C) , raises a question regarding T reg cell plasticity. According to a previous report, chronic T reg cells are generated in LCMV CL13-infected mice from a pre-existing pool of T reg cells specific to a retroviral superantigen, the genes of which are encoded in the mouse genome (20) . In our data, chronic T reg cells expressed higher levels of inhibitory receptors, including PD-1, and displayed potent suppressive capability. However, as viremia decreased, chronic T reg cells reduced in numbers and lost their suppressive function, which correlated to PD-1 expression levels. Johanns et al. (7) observed similar dynamic changes in T reg cell function dependent on the status of persistent bacterial infection. Therefore, these observations suggest that T reg cells in the pathogen-persisting environment are plastic and can undergo dynamic functional regulation.
Because it has been known that activated T reg cells upregulate CD103, the T reg cells expressing CD103 during chronic viral infection in our study might dominate the population that responds to viral infection. Interestingly, CD103 + T reg cells showed significantly higher expression levels of PD-1, TIM-3, CTLA-4, and GITR than CD103 + T cells cocultured with each T reg cell population. Concentration of IFN-g in the coculture media of (A) was measured. The data points in the line graphs and bar graphs represent the mean 6 SEM and mean + SEM, respectively. Data are representative of three independent experiments. n = 3 mice per group in each experiment. *p , 0.05, **p , 0.01, ***p , 0.001. ns, not significant. (36, 37) , our ex vivo isolated chronic T reg cells expressed significantly higher levels of granzyme B than naive T reg cells did. Second, chronic T reg cells can indirectly inhibit CD8 + T cells through IL-10 production. Chronic T reg cells expressed higher levels of Il10 mRNA than naive T reg cells. Some reports have shown that immunosuppressive factors such as IL-10 or TGF-b have a significant effect on T reg cell-mediated suppression (41, 42) , whereas it has also been reported that the absence of these cytokines does not affect the prevention of T reg cell-mediated suppression (43, 44) . We observed that the suppression of CD8 + T cells by chronic T reg cells did not decline when IL-10-neutralizing or IL-10R-blocking Ab was used in vitro (data not shown). However, the following phenomenon could be assumed because other immune cells exist during chronic viral infection, unlike the in vitro system in which there are only T reg cells and CD8 + T cells. In vivo, IL-10 appeared to be involved in the suppression of CD8 + T cells by inhibiting dendritic cell (DC) maturation and CD4 + T cell function. PD-1 upregulation on chronic T reg cells may confer sustained contact between chronic T reg cells and DCs that upregulate PD-L1 to eliminate the interaction of DCs and CD8 + T cells. Such potential mechanisms must be investigated further, because the T reg cell-DC interaction is one of the critical factors for the induction of T cell inactivation or tolerance.
In this study, we clearly demonstrated the direct interaction between chronic T reg cells and effector T cells is critical for chronic T reg cell-mediated strong suppression of effector T cell immune response (Fig. 4A-C) . Therefore, these data made us suggest a direct receptor-ligand interaction between T reg cells and effector T cells. In this study, we focused on the interaction between PD-1 and PD-L1 because chronic T reg cells have a profoundly higher level of PD-1 than other known inhibitory molecules. Although some studies have shown that PD-1 blockade abrogated T reg cell-mediated suppression of T cell immune response (45) (46) (47) (48) , the exact ligand-receptor interaction was not specifically investigated. Our data showed that either PD-1 blockade on chronic T reg cells (Fig. 4D-F 
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+ T cells, showed T cell suppression (Fig. 6 ), confirming the critical role of PD-1:PD-L1 interaction between T reg and CD8 + T cells in the suppression of T cell immune response.
Although it is evident in our study that chronic T reg cell-mediated potent T cell suppression requires the PD-1:PD-L1 interaction, the underlying mechanism should be further investigated. Requirement of PD-1:PD-L1 interaction between chronic T reg cells and CD8 + T cells made us propose two possible molecular mechanisms by which PD-1 high chronic T reg cells display such a strong suppressive activity to inhibit CD8 + T cell immune response. One possible mechanism is that a ligation of PD-L1 present in CD8 + T cells onto PD-1 upregulated by chronic T reg cells triggers PD-1 signaling in chronic T reg cells. Although chronic T reg cells isolated at 16 d p.i. expressed higher levels of T reg cell effector molecules such as IL-10 and granzyme B than acute and naive T reg cells, it is not known whether this effect is caused by turn-on of PD-1 signal transduction in T reg cells via the ligation of PD-L1 presented by CD8 + T cells. Alternatively, it could be predicted that a reverse inhibitory signaling via PD-L1 in CD8 + T cells after a ligation of PD-1 provided by chronic T reg cells contributes to the effects of chronic T reg cell-mediated potent suppressive activity. Indeed, as shown in Fig. 5 , we observed that the absence of PD-L1 in CD8 + T cells lessened PD-1 high chronic T reg cell-mediated potent suppression of CD8 + T cell immune response. Although a reverse signaling from PD-1 to PD-L1 has not been reported yet, Butte et al. (49) observed that PD-L1 triggering via B7-1 ligation dramatically decreased T cell proliferation. Taken together, a more detailed study about bidirectional PD-1:PD-L1 interaction between T reg cells and effector T cells needs to be carried out as a separate experiment.
The role of PD-1 expression by T reg cells is somewhat controversial (21, 24) . Franceschini et al. (24) showed that PD-1:PD-L1 signaling limited the proliferation of T reg cells isolated from the livers of patients chronically infected with HCV. However, Francisco et al. (21) reported that PD-L1 induced the development of induced T reg cells and enhanced their suppressive function in vitro. This discrepancy most likely originated from the status of T reg cells. We observed that chronic T reg cells are more sensitive to apoptosis, upregulating Casp3 but downregulating Bcl-2 (data not shown). Similar to the chronic T reg cells in our study, T reg cells isolated from the livers of HCV patients may be undergoing apoptosis, and this process is accelerated by PD-L1 ligation, resulting in less expanded populations. Taken together, these data indicate that PD-1:PD-L1 signaling is differentially regulated, depending on the status of T reg cells or the period of infection. This result suggests that PD-1 ligation mediates T reg cell activation at the initial stage of infection, but ligation accelerates the apoptotic T reg cell susceptibility after continuous TCR stimulus.
There were common phenotypic changes between chronic T reg cells and exhausted T cells generated during chronic viral infection. In addition to the upregulation of inhibitory receptors, both cell types overexpressed intracellular transcription factors, such as Blimp1 (Supplemental Fig. 2A, 2B ) and Batf (data not shown), which are associated with T cell exhaustion (50, 51) . Among these inhibitory receptors, PD-1 is also expressed on follicular Th (T fh ) cells (52, 53) . Because a large population of CD4 + T cells differentiates into T fh cells during chronic viral infection (54), PD-1 is a hallmark of various T cell subsets, including exhausted T, T reg , and T fh cells. Although the function of PD-1 expressed on T fh cells is still controversial (53, 55) , PD-1 expressions on chronic T reg cells and exhausted T cells, at least, are associated with the suppression of T cell immune response. Because PD-1 signaling is differentially regulated by cell type-specific downstream intrinsic factors, a direct comparison of gene profiles between exhausted T cells and chronic T reg cells during chronic infections may help identify common and cell-specific regulatory factors and elucidate different signaling pathways in chronic T reg cells versus exhausted T cells.
Chronic environment-induced T reg cell expansion is another obstacle to successful immunotherapy for chronic pathogen infections. We observed that removal of chronic T reg cells by CD25 Ab treatment during chronic virus infection increased the frequency of functional Ag-specific CD8 + T cells (Supplemental Fig. 4) . However, CD25 Ab treatment leads to concurrent elimination of non-T reg cells and rapid replenishment of T reg cells (56) (57) (58) . Therefore, additional research on the side effect caused over a long period after T reg cell blockade and the effect of T reg cell blockade on cellular or humoral immune response is required. The functional inactivation of T reg cells and rejuvenation of exhausted T cells by targeting PD-1 overexpression in combination with the temporal depletion of T reg cells may be a powerful strategy to achieve better control of chronic infection and cancer. Therefore, developing methods for the specific depletion of T reg cells that express inhibitory receptors such as PD-1 could provide fine-tuned clinical strategies against chronic infectious diseases and cancers.
